Évaluation échographique de la fonction systolique ventriculaire droite dans une population de patients non sélectionnés avant chirurgie cardiaque : une approche multiparamétrique est nécessaire 
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Résumé
Contexte. -Les récentes recommandations américaines proposent de diagnostiquer la dysfonction ventriculaire droite (VD) sur au moins un critère validé tel que le pic de vitesse systolique annulaire tricuspide (S') < 10 cm/s ou la fraction de raccourcissement de surface VD (FRSVD) < 35 %. 
Background
Right ventricular (RV) systolic dysfunction has long been recognized as being of prognostic value in various pathological conditions. However, the definition of RV dysfunction using echocardiography has evolved significantly in recent years. In the past, RV function was assessed visually, until studies focusing on tricuspid annular displacement demonstrated convincing results [1, 2] . Since then, numerous echocardiography-Doppler criteria have been proposed and clinical guidelines were published recently by the American Society of Echocardiography (ASE) [3] . The guidelines recommend performing and reporting at least one of the following: RV fractional area change (RVFAC); Dopplerderived tricuspid lateral annular systolic velocity (S'); tricuspid annular plane systolic excursion (TAPSE); and right myocardial performance index (RMPI). Among these criteria, abnormal RV function should be suspected when S' is < 10 cm/s, TAPSE is < 16 mm, RVFAC is < 35% or RMPI (tissue Doppler) is > 0.55. As proposed by the ASE guidelines, 'combining more than one measure of RV function may more reliably distinguish normal from abnormal function'. Various combinations are possible, such as S' and RMPI [4] ; however, on the basis of the quality of validation [3] , the combination of RVFAC with S' is probably the best.
Interestingly, criteria evaluating RV function based on various physiological approaches are available, such as isovolumic acceleration (IVA; derived from peak isovolumic velocity [IVV] and acceleration time [AT]), RV dP/dt or two-dimensional (2D) peak longitudinal strain. However, normality thresholds are not yet available or are not fully validated. In addition, RMPI using tissue Doppler has been validated less.
The aim of the present study was: to describe the distribution of well-validated criteria (S', RVFAC) in routine clinical practice; to evaluate the diagnostic value of less validated echocardiographic parameters (RMPI using tissue Doppler, IVA, RV dP/dt and 2D peak longitudinal strain); and to study the influence of loading conditions, as measured by echocardiography, on each parameter.
Methods

Study population
The study group consisted of 422 patients recruited in the Department of Cardiology and Cardiac Surgery at the Clinique Saint-Augustin (Bordeaux, France). This prospective study enrolled patients awaiting cardiac surgery over a 5-month period.
Nine patients (2.1%) were excluded from all subsequent analyses because of inability to record RVFAC or S'; accordingly, data from 413 patients were analysed.
Using recently published ASE guideline thresholds [3] , patients were split into three groups. Group 1 included those with highly probable normal RV function defined by S' ≥ 10 cm/s and RVFAC ≥ 35%. Group 2 involved those with probable RV dysfunction defined by the presence of one of two criteria: S' < 10 cm/s or RVFAC < 35%. Group 3 included patients with highly probable RV dysfunction defined by the presence of two criteria: S' < 10 cm/s and RVFAC < 35%. To test other RV function parameters, groups 1 and 3 only were used, due to the high certainty of RV function assessment in these groups (normal or abnormal).
The local ethics committee (CPP-SOO3, University of Bordeaux 2, France) approved the study protocol and all included patients gave their consent.
Echocardiographic studies
Echocardiographic studies were performed on a Vivid7 or a VividE9 ultrasound system (GE Vingmed Ultrasound SA, Horten, Norway) equipped with multifrequency transducers (1.5-4 MHz). All examinations were performed by experienced sonographers, according to ASE guidelines [3, 5] the day before the surgical procedure, and were stored on a digital workstation for subsequent off-line analysis (EchoPAC PC, GE Vingmed Ultrasound SA, Horten, Norway).
Echocardiographic measurements of right ventricular function
A modified apical four-chamber view focused on the right ventricle (RV) was used to measure RV area, by tracing the RV endocardium both in systole and diastole [3] . RVFAC (%) was defined as ([end-diastolic RV area -end-systolic RV area] / end-diastolic RV area) × 100 [6, 7] .
All measurements using pulsed-wave tissue Doppler imaging (TDI) (Fig. 1) were performed in a four-chamber view focused on the RV using a tissue Doppler mode with a pulsedwave Doppler sample volume placed in the basal segment of the RV free wall. Special care was taken to ensure optimal image orientation, to avoid underestimation of velocities. The following data were obtained: S' was defined as the peak longitudinal velocity of the basal RV free wall [2, 8] ; isovolumic relaxation time (IVRT) was defined as the time from the end of the ejection period (S') to the beginning of tricuspid e' wave; RMPI obtained by the TDI method (pulsed-wave velocity of the tricuspid annulus) was defined as the ratio of the sum of IVRT and isovolumic contraction time divided by ejection time (S' duration) [9] ; IVA (m/s 2 ) was defined as the IVV divided by the time interval from onset of the isovolumic wave to its peak velocity (acceleration time [AT]) [10] .
RV dP/dt (mmHg/s) was calculated by measuring the time required for the tricuspid regurgitation (TR) continuouswave Doppler signal to increase in velocity from 0.5 to 2 m/s [11] . Using the simplified Bernoulli equation, dP/dt was calculated as 15 mmHg divided by this time.
An apical four-chamber view used for 2D strain analysis was obtained using second-harmonic imaging, with frequency, depth and sector width adjusted for frame-rate optimization (60-100/s). All parameters were averaged over three consecutive beats. In postprocessing analysis, the region of interest was obtained by tracing the RV endocardial borders at the level of the basal septum, the apex and the basal free wall at end-systole. However, from this tracing, we limited our analysis to the basal segment for two main reasons: strain measurement reproducibility of the basal segment is better than that of the apical segment [12] , related to a poorer quality image; regional afterload heterogeneity leads to conflicting data between basal and apical 2D strain [13, 14] . The longitudinal myocardial deformation (defined as the peak longitudinal systolic strain) was expressed as a percentage of the longitudinal shortening of basal segment in systole compared with in diastole.
Echocardiographic measurements of right ventricular load
RV preload assessment included end-diastolic RV area and inferior vena cava (IVC) maximal and minimal diameters obtained from a subcostal view at end-expiration, after sniff test and quiet breathing. The IVC collapse index (%) was defined as ([maximal IVC -minimal IVC] / maximal IVC) × 100. Maximal IVC diameter and collapse index were used to assess preload according to the ASE guidelines [3, 15] . Normal right atrial (RA) pressure (3 mmHg) was defined by an IVC diameter < 2.1 cm and a collapse > 50%, whereas an IVC diameter > 2.1 cm that collapsed by < 50% suggested high RA pressure (15 mmHg). RA area [16] was measured at end-systole (four-chamber view).
RV afterload assessment included the following: • systolic pulmonary artery pressure (SPAP) was determined from peak TR velocity using the simplified Bernoulli equation and combined with an estimated RA pressure (based on the IVC collapse index); • pulmonary vascular resistance (PVR) was estimated using peak TR velocity and RV outflow tract (RVOT) time velocity integral (TVI) -the formula published by Abbas et al. [17] was applied, i.e. PVR = ([peak TR velocity / RVOT TVI] × 10) + 0.16; • pulmonary AT derived from pulsed-wave Doppler recordings was defined as the time interval from onset of the RVOT anterograde flow to its peak velocity.
Reproducibility
Twenty-five data sets were chosen randomly to assess intraobserver variability by repeating measurements 4 weeks apart (J. Peyrou). Interobserver agreement was assessed by a second observer (M. Simon) using the same data sets.
Statistical analyses
Continuous data are expressed as means ± standard deviations and discrete parameters as absolute numbers and percentages. The groups were tested using a Chi 2 test to compare categorical parameters. The clinical and echocardiographical data from the patients' group were compared using the two-sample Student's t test or Wilcoxon's rank sum (Mann-Whitney) non-parametric test, as appropriate, according to the variance R test. The relationships between additional parameters (RMPI, dP/dt, IVRT, IVV, AT, IVA, basal 2D strain) and the validated criteria of RV function (S' and RVFAC) as well as the load dependency of parameters were tested by means of Pearson's correlation. Receiver operating characteristic curve analysis was performed to test the diagnostic accuracy for discrimination between patients with RV dysfunction (group of patients with high probability of RV dysfunction) and those with normal RV function, and to determine optimal cutoff values. Intraobserver and interobserver reproducibility were analysed using the Pearson correlation coefficient, the concordance correlation coefficient according to the Lin method and the coefficient of variability. All P values were two-sided and values < 0.05 were considered statistically significant. All statistical analyses were performed using Stata software version 11.0 (StataCorp LP, College Station, TX, USA).
Results
Patient characteristics
Four-hundred and thirteen patients (mean age 70.3 ± 10.3 years) were enrolled, of whom 63% were awaiting valve surgery, 49% coronary artery bypass grafting and 3% other cardiac surgery (myxoma resection, atrial septal defect closure, pericardiectomy, aortic dissection repair, coarctation repair). Thirty-four patients (8%) had chronic atrial fibrillation. Table 1 shows patients' characteristics in each group.
Age, sex, blood pressure and cardiovascular risk factors did not differ significantly between normal and RV dysfunction groups. Compared with normal subjects (group 1), patients with probable or highly probable RV dysfunction (groups 2 and 3) had a lower left ventricular ejection fraction (65.2 ± 11.3%, 59.9 ± 13.9% and 50.8 ± 17.3%, respectively; P < 0.001) and a higher SPAP (36.6 ± 12.2%, 45.9 ± 19.2% and 53.8 ± 21.9%, respectively; P < 0.001).
Right ventricular function parameters
Of 413 patients, 320 (77.5%) had normal RV function (group 1: S' ≥ 10 cm/s and RVFAC ≥ 35%) and 93 patients (22.5%) had suspected RV dysfunction (S' < 10 cm/s and/or RVFAC < 35%). Among these 93 patients, 54 (58%) had a discrepancy between indices, suggesting probable RV dysfunction (group 2: S' < 10 cm/s but RVFAC ≥ 35% or S' ≥ 10 cm/s but RVFAC < 35%) and 39 patients had concordant indices suggesting highly probable RV dysfunction (group 3: S' < 10 cm/s and RVFAC < 35%). As shown in Table 2 , RMPI, IVRT, IVV, IVA and basal 2D strain were statistically different between patients with normal RV function and patients with probable (group 2) or highly probable (group 3) RV dysfunction. dP/dt and AT were not statistically different.
Receiver operating characteristic curve analysis was performed to calculate the best cut-off value to predict RV systolic dysfunction (Table 3, Fig. 2 ). The best parameters for predicting RV systolic dysfunction were basal 2D strain and IVA. The sensitivity of these parameters was similar (86%) while specificity was higher for basal 2D strain (98%). When patients with atrial fibrillation (34 patients) were excluded, the statistical analysis did not change significantly. Tables 4 and 5 highlight the relationship between RV function parameters and loading conditions. IVA correlated neither with RV preload nor with RV afterload indices. Basal 2D strain correlated with all RV preload parameters and with PVR. There was a significant positive correlation between IVRT and RA area but not with other preload parameters. IVRT was also correlated with RV afterload parameters, such as SPAP and PVR.
Correlation analyses between right ventricular function parameters and loading conditions
Feasibility
RV function parameters
The feasibilities of S' and RVFAC were 99.3% and 98%, respectively (S' could not be evaluated in three patients due to poor-quality TDI peak signal velocity; RVFAC could not be measured in eight patients due to poor echocardiographical window, artefacts and reverberation). RMPI, IVRT, IVV, AT, IVA could be measured in 94.6%, 98%, 84%, 85% and 84% of patients, respectively. In 25 patients (6.1%), basal 2D strain was not measurable due to non-accurate tracking.dP/dt could not be measured in 155 patients (37.5%), mainly due to suboptimal TR Doppler signal velocity with incomplete initial slope.
Loading conditions parameters
Peak TR could not be measured in 116 patients (28%), mainly due to poor quality of continuous-wave Doppler signal velocity. When measurable, TR was mild in 98%, moderate in 1.5% and severe in 0.5% of patients.
End-diastolic RV area, maximal IVC, IVC collapse index and RA area were measurable in 95.4%, 96%, 95.1% and 99.7% of patients, respectively.
Intraobserver and interobserver reproducibility
Interobserver and intraobserver reproducibilities were high for S', RMPI, IVA, and 2D strain (Tables 6 and 7) . Moreover, the concordance of reproducibility showed a close agreement between intraobserver and interobserver measurements for S', RMPI, IVA and 2D strain. Interobserver and intraobserver correlation was lower for RVFAC (r = 0.66 and 0.78 respectively; both P = 0.001) with coefficients of variation of 8.6% and 7.4%, respectively.
Discussion
In our large prospective study focusing on RV function, the main results were as follows:
• S' and RVFAC were concordantly impaired in only 39 patients, while 54 patients fulfilled one impaired parameter out of the two; • among newer parameters, we found that IVA ≤ 1.8 m/s 2 (sensitivity 86%, specificity 80%) and basal 2D strain ≥ -17% (sensitivity 86%, specificity 97%) had the best diagnostic value for diagnosing RV dysfunction;
• IVA was not significantly influenced by loading conditions, while basal 2D strain was both preload and afterload dependent.
Recent guidelines [3] recommend the systematic reporting of at least one of these parameters: TAPSE, S' and RVFAC with or without RMPI. As stated in the recommendations, S' < 10 cm/s and/or RVFAC < 35% should raise suspicion of abnormal RV function, particularly in a young adult. TAPSE and S' measure the same phenomenon -the longitudinal displacement of the tricuspid annulus -using two different techniques. In the present study, to avoid redundancy, we used only S', as it appeared more reproducible than TAPSE and more easily recordable. In addition, S' is best correlated to RVEF by magnetic resonance imaging (MRI) than TAPSE [6] . We found that S' and RVFAC were highly feasible (≥ 98%). Interobserver and intraobserver reproducibility was better for S' (2.5% and 2.7%) than for RVFAC (8.6% and 7.4%). However, RVFAC reproducibility is sufficient to allow clinical application, as currently recommended by guidelines regarding extensive studies. Surprisingly, S' and RVFAC were discordant in 13% of patients; these apparent discrepancies could be explained mainly by the fact that these indices are more complementary than similar: S' is a regional parameter while RVFAC is more global; S' explores longitudinal function while RVFAC is more global; S' can deteriorate due to initial subclinical myocardial damage before any RV ejection fraction (RVEF) impairment [18] ; S' and RVFAC can be modified differently by load [19] -in the present study, S' was found to be afterload dependent while RVFAC was both preload and afterload dependant; S' has a low diagnostic value when there is severe TR [20] , but in our study, TR was trivial or mild in 98% of our patients; conflicting data exist concerning possible physiological diminution of S' amplitude with age, but in the present study we found no significant relationship between age and S' or RVFAC (Table 5 ). These discrepancies emphasize the limitations of a single parameter approach to identifying RV systolic dysfunction, leading to an incorrect evaluation in a majority of cases. A combination of echocardiographical criteria appears mandatory, particularly when RVFAC and S' are discordant, highlighting the need to use additional parameters. Additional parameters for estimation of RV function (RMPI, IVRT, dP/dt, IVA and 2D strain) have been described in the literature and highlighted in recent guidelines. Their use relies on data arising from single-centre studies that included a small number of patients, explaining the lack of well-validated thresholds as yet. These validation studies were based on various reference methods: scintigraphy, echocardiography and MRI. In our study, echocardiography was preferred to MRI as the reference method for various reasons: validated guidelines for S' and RVFAC are available; RV function in daily practice is evaluated using echocardiography in a large majority of cardiology wards, MRI use in practice is limited by availability and cost; echocardiography allows the study of many complementary physiological In the literature, the interobserver coefficient of variation of RVEF measurement has been found to be up to 10.7% [22] and can increase to 16% in particular situations [23] . For all these reasons, echocardiography was preferred to MRI to define our reference method according to guidelines [3] . In our study involving 413 patients, parameters derived from pulsed-wave TDI (IVA, RMPI, IVRT) and 2D strain discriminated normal RV function from RV dysfunction with a sensitivity ranging from 68% to 86% and a specificity ranging from 71% to 98%. Basal RV 2D strain and IVA had the best diagnostic value (area under the curve [AUC] 0.95 and 0.86, respectively).
Initially described by Vogel et al. [10] as an index of RV contractile function, IVA has also been validated as a prognostic parameter in various studies [24] [25] [26] [27] . In our study, IVA was largely feasible (84%) and highly reproducible, as shown by Tayyareci et al. [24] . Our cut-off value of 1.8 m/s 2 (2.2 m/s 2 in the study by Vogel et al.) discriminated patients with RV dysfunction from normal patients, with a sensitivity of 86% and specificity of 80% (AUC 0.86).
The RV 2D strain study was deliberately limited to the basal segment in our analysis, as described in the methods. Highly feasible and reproducible, a cut-off value of -17% (AUC 0.95) had a sensitivity of 86% and a specificity of 98% for detecting RV dysfunction. In the literature, global longitudinal strain using RVFAC as a gold standard [28] has been validated with a similar value (-16%). Moreover, in a population of patients referred for cardiac surgery, RV global longitudinal strain was shown to have prognostic value, using a threshold of -21% [29, 30] .
RMPI measurement was highly feasible (95.4%) and reproducible, with a cut-off value of RMPI ≥ 0.60 allowing an acceptable discrimination (AUC 0.79) to predict RV dysfunction with a specificity of 80%. These findings are in agreement with the recent guidelines, which propose a cutoff value of 0.55.
A reliable index of RV contractility should be as little load dependant as possible. In our study, IVA was found to be the least load-dependent, adding to its interesting diagnostic value. These results are in accordance with physiology (isovolumic contraction period is known to be less load dependent) and prior clinical studies [10, 19] . On the other hand, basal 2D strain appeared to be afterload and preload dependent. Although afterload dependency is in accordance with prior studies [13, [31] [32] [33] , we also found a significant decrease in basal 2D strain with increased preload, which has not been reported in the literature, to our knowledge, except in athletes [34] .
In the present study, RMPI was also found to be afterload dependent, mainly due to prolongation of IVRT, whereas no changes could be identified with increased preload, which is in agreement with the findings of Kjaergaard et al. [19] . This might be due to its heightened load dependency, as we demonstrated, with a significant correlation between IVRT and SPAP, PVR and RA area. These findings are consistent with the results of Lindqvist et al. [35] , who found that IVRT was also a marker of right pressure, with a significant correlation with SPAP and RA pressure.
Study limitations
Our results were not validated against MRI, which is regarded as the gold standard for RV function assessment. Aside from the limitations discussed, previous studies have already dealt with this issue [6, 36] . Consequently, we intentionally focused our evaluation on the use of recent echocardiographic guidelines that are applied widely in everyday practice.
RA area as a marker of preload could be questionable in chronic atrial fibrillation and/or with significant TR. In our study, 34 patients (8%) had chronic atrial fibrillation. When these patients were excluded, the statistical analysis did not change significantly. Similarly, 98% of patients had only mild TR.
Although IVRT is a diastolic parameter, it was evaluated in the present work as a systolic marker. As myocardial function deteriorates, ejection time is shortened and IVRT is lengthened. Indices of left ventricular systolic function and IVRT are strongly related [37] . Moreover, IVRT is an integral part of the right myocardial performance index that reflects the global function of the RV.
Assessing PVR is questionable in patients with RV dysfunction, as it has not been studied in this specific population. However, patients with RV dysfunction have been included in different studies dealing with this issue [17, 38] .
The receiver operating characteristic analyses were performed in the same population of patients used to derive RV dysfunction thresholds. Further studies are therefore necessary to further validate the performance of the various cut-off levels. We used EchoPAC software for 2D strain analysis, although this programme has not yet been validated for RV strain. We did not evaluate three-dimensional volumetric echocardiography for RVEF measurement, which has been recently proposed but not recommended for routine use by recent guidelines. Finally, evaluation of clinical outcome was not included in our study, but is part of an ongoing analysis to assess the short-and long-term clinical prognostic value of these parameters.
Conclusion
In a large population of 413 patients, RVFAC and S', validated in recent ASE guidelines for the diagnosis of RV dysfunction, were sometimes discordant. For this reason, a single parameter cannot be used to characterize RV function. Among seven other parameters, we found that IVA and basal 2D strain both had good diagnostic value. Moreover, unlike 2D strain, IVA was not influenced by loading conditions, which adds to its diagnostic value. Including these parameters in a multiparametric approach could improve the diagnostic accuracy of RV dysfunction detection.
